One of the most intriguing problems in the Adirondacks is the timing and origin of fabric forming events. Recently work by Heumann et al. (2006) and Rivers (2008) has pointed out the signifi cance of the Shawinigan orogenic event (ca. 1200-1140 Ma) in the Adirondack segment (Fig. 1) of the Grenville Province (Davidson, 1986; Wynne-Edwards, 1972) . In addition, the overprint of the Ottawan Pulse (ca. 1090-1020 Ma) of the Grenvillian Orogeny (Rivers, 2008 ) is now known to be less pervasive than once thought, with signifi cant areas of the Adirondacks, including the Lowlands and parts of the Highlands, lacking anatexis and metamorphic zircon of Ottawan age (Heumann et al., 2006; Bickford et al., 2008) . While these fi ndings are based on the identifi cation of metamorphic zircon in pelitic gneisses that have undergone anatectic melting, and are not directly linked to fabric formation, they raise intriguing questions as to the four-dimensional evolution of the Adirondack region preliminarily addressed on an orogen scale by Rivers (2008) .
INTRODUCTION
One of the most intriguing problems in the Adirondacks is the timing and origin of fabric forming events. Recently work by Heumann et al. (2006) and Rivers (2008) has pointed out the signifi cance of the Shawinigan orogenic event (ca. 1200 (ca. -1140 in the Adirondack segment ( Fig. 1 ) of the Grenville Province (Davidson, 1986; Wynne-Edwards, 1972) . In addition, the overprint of the Ottawan Pulse (ca. 1090-1020 Ma) of the Grenvillian Orogeny (Rivers, 2008 ) is now known to be less pervasive than once thought, with signifi cant areas of the Adirondacks, including the Lowlands and parts of the Highlands, lacking anatexis and metamorphic zircon of Ottawan age (Heumann et al., 2006; Bickford et al., 2008) . While these fi ndings are based on the identifi cation of metamorphic zircon in pelitic gneisses that have undergone anatectic melting, and are not directly linked to fabric formation, they raise intriguing questions as to the four-dimensional evolution of the Adirondack region preliminarily addressed on an orogen scale by Rivers (2008) .
The recognition of the Shawinigan event in Quebec (Corrigan, 1995) and in the Adirondacks (Heumann et al., 2006; Mezger et al., 1992) has some profound implications for the region and the Ottawan Pulse of the Grenvillian Orogeny (Rivers, 2008) in particular ( Fig. 1 ). For example, it has forced the reevaluation of many of the long-held assumptions about Adirondack and Grenville geology including the tectonic setting and origin of massif anorthosite and related rocks (intruded just after, or perhaps during the waning phases of, the Shawinigan Orogeny), the extent of the Elzevirian Orogeny (McLelland and Chiaren zelli, 1989) , the nature and disposition of metasedimentary rocks of the Trans-Adirondack Basin , and the age and origin of major structural features in the Adirondacks, that were in the past generally assumed to be Ottawan or severely overprinted and/or obliterated during the Ottawan tec tonism (McLelland and Isachsen, 1980; McLelland et al., 1996; Wiener et al., 1984) .
Most rocks in the Adirondacks show evidence of considerable deformation and display a wide variety of planar and linear fabrics (McLelland, 1984; McLelland and Isachsen, 1980; Wiener et al., 1984) . In most cases even metaplutonic rocks form continuous linear belts ( Fig. 2 ) with fabrics that are generally parallel to their overall shape and elongation (Isachsen et al., 1990) .
In some areas (e.g., Southern Adirondacks) major folds are defi ned by the refolding of lithologic units about fold axes of different orientations and perhaps related to temporally distinct events. Supracrustal rocks are typically found in narrow, attenuated, linear belts and are often highly disrupted, intruded, and interleaved with metaigneous rocks. A number of large structural domes are also apparent and are defi ned by upward arching foliation trends (DeWaard and Romey, 1969; Chiarenzelli et al., 2000; Gates et al., 2004) . The overall picture is one of intense deformation and translation such that primary geologic relationships are rarely preserved. However, which event is responsible for any given individual structure or fabric is currently unresolved.
Nonetheless, there are also some excellent examples of primary relationships particularly in and around the Marcy anorthosite massif. At Lake Clear (NW of Saranac Lake), igneous rocks of anorthositic to gabbroic composition with primary fabrics display intrusive relations (McLelland and Chiarenzelli, 1991) . Roaring Brook, on the side of Giant Mountain, exposes a classic intrusion breccia (McLelland et al., 2004) . The preservation of these features is likely related to the competent nature of anorthosite which would have been several hundred degrees below its melting temperature during peak metamorphism and deformation. Smaller coronitic gabbro bodies have likely survived deformation in the same way. In some instances, coronitic gabbro bodies external to the Marcy Massif can be traced from their structurally intact core (with well-preserved ophitic texture) into strongly foliated garnetiferous amphibolites at their margins. Interestingly, these rocks record a two-stage metamorphic history with an initial granulite-facies corona forming event (McLelland and Whitney, 1980) , followed by the infl ux of fl uids, garnet and hornblende growth, and textural modifi cation. In all of these examples relatively strong, competent mafi c to intermediate rocks are involved; primary relationships and textures in more ductile granitic rocks are rarely preserved intact.
An ~10-m-wide, near vertical contact zone is exposed on the southern fl ank of Chimney Mountain in the Central Adirondacks (Figs. 2 and 3), external to anorthosite massifs, where it can be traced for nearly a kilometer. There, hornblende granite intrudes a particularly well-preserved and compositionally layered supracrustal sequence exposed on the western summit. Our goals for this contribution are to: (1) document this contact zone; (2) describe the layered metasedimentary sequence; (3) use U-Pb zircon geochronology to constrain the age and origin of the contact zone and the fabric it 
GEOLOGICAL SETTING AND FIELD RELATIONS
The Adirondack Mountains are part of the Grenville Province whose current domal topographic expression is a function of much younger uplift (Isachsen, 1975 (Isachsen, , 1981 RodenTice et al., 2000) . A fundamental boundary between the Adirondack Highlands and Lowlands, the Carthage Colton Mylonite Zone, has been recognized (Geraghty et al., 1981; Streepey et al., 2001) , and refl ects differences in metamorphic timing (Mezger et al., 1992) , predominant rock types, and topographic expression. The zone likely has broader significance and represents the bounding fault of the upper carapace of the orogen down-dropped during orogenic collapse (Selleck et al., 2005; Rivers , 2008) . The Chimney Mountain region is located within the Highlands, ~30 km south of the Marcy anorthosite massif, which forms the bedrock core to the High Peaks region (Figs. 2  and 3 ). Just north of the study area there is an east-west arching belt of highly deformed marbles and charnockitic gneisses. Some of these rocks may be traced around the northern fl ank of Snowy Mountain Dome (deWaard and Romey, 1969; Gates et al., 2004; Valentino and Chiarenzelli, 2008) into the Chimney Mountain area, across a large brittle fault within Indian Lake, whose offset is unknown (Isachsen et al., 1990) .
The Chimney Mountain area is located within the Thirteenth Lake 15 min Quadrangle (Krieger, 1937) about 10 km east of Indian Lake and 13 km due west of the Barton (Gore Mountain) garnet mine (Fig. 2) . It is part of a NNE-trending belt of interlayered supracrustal and metaigneous rock ~7 km wide between anorthositic to charnockitic rocks of Snowy Mountain Dome (to the west) and the Oregon Dome-Thirteenth Lake area (to the south and east). Lithologies include granitic, charnockitic, syenitic, and gabbroic metaigneous rocks that intrude, dismember, and occasionally engulf a sequence of calc-silicates, marbles, quartzites, and amphibolites (Krieger, 1937) . Anorthosite makes up more than half of the quadrangle, occurring primarily east and south of Chimney Mountain (Fig. 2) .
Detailed mapping in the Thirteenth Lake quadrangle and those adjacent to it (Krieger, 1937) indicate that the Grenville metasedimentary rocks are the oldest recognized rocks in the region and are intruded by a variety of igneous rocks thought to be nearly contemporaneous with one another and by all accounts similar to the anorthosite-mangerite-charnockite-granite (AMCG) rocks found throughout the Adirondack Highlands. Both granite-syenite and gabbro-anorthosite suites have been identifi ed during mapping, as well as hybrid rocks known as the Keene Gneiss (Miller, 1918) . The metasedimentary rocks underlying Chimney Mountain are part of a 5-km-long and 1-km-wide belt that trends northwest and is surrounded and engulfed by metaplutonic rocks ranging in composition from syenitic to granitic (Fig. 2) .
Along the western summit of Chimney Mountain and within the "Great" rift (Miller, 1915) that marks the projection of a fault accommodating a post-Pleistocene landslide, a sequence of shallowly dipping (<30° to the NNW) metasedimentary rocks are exposed (Fig. 3) . The sequence is noteworthy because of its apparent state of preservation, the ability to trace sedimentary layers of distinct composition for tens of meters (Fig. 4) , and the relative lack of injected igneous material. The well-layered (10-100 cm thick) metasedimentary rocks include individual layers of diopsidic quartzite, diopsidite, and rusty weathering micaceous quartzo feldspathic gneisses. The sequence is markedly different than the thick sequence of calc-silicate gneisses exposed on the trail to the summit from Kings Landing where orthopyroxene-bearing leucosomes and pegmatites intrude highly foliated and folded diopsidic gneisses with thin quartz veins (Fig. 5) . On the approach to the western summit diopside-rich rocks become subordinate and quartz-rich lithologies predominate . Folding in the upper sequence at Chimney Mountain is relatively rare; however, a moderately strong rodding lineation plunging from 0 to 14°N is readily observed (Fig. 6 ).
In the saddle on the summit of Chimney Mountain a number of ledges of metasedimentary rock and interlayered sheets (sills) of intrusive granite gneiss and pegmatite occur (Valentino and Chiarenzelli, 2008) . Some of the intrusive sheets contain garnet and/or graphite. On the eastern summit of Chimney Mountain hornblende granite with a strong, north-dipping lineation, similar in orientation to that in the metasedimentary rocks, and weak, sporadically developed foliation occurs. Along the western margin of the eastern summit the contact between the metasedimentary rocks and the granite is exposed in several areas and can be traced south, down the mountain, for several kilometers along the course of an intermittent stream.
The contact ranges from near vertical to steeply inclined to the west with the granite beneath the metasedimentary rocks (Fig. 7) . In some areas the contact is nearly conformable but in others the granite clearly truncates a preexisting foliation developed in the metasedimentary rocks and demarked by elongate quartz grains and oriented micas. In several areas a very coarse-grained rock contains large (up to 5 cm), blocky, yellow-green, sometimes twinned, enstatite porphyroblasts. The enstatite crystals have thin (1-2 mm), dark green outer rims of anthophyllite and grow in random orientations crosscutting foliation in the host rock (Fig. 8) . Phlogopite porphyoblasts (up to 3 cm) are also abundant and in some areas dominate the contact zone forming a "spotty" schistose rock. Other minerals include acicular tremolite developed at or near the contact. Metasedimentary rocks within meters of the contact are quartzrich and coarse-grained but retain their foliation despite any changes in their bulk chemistry and mineralogy that may have occurred during intrusion or afterward. Some quartzite samples appear to be brecciated with metamorphic minerals infi lling veins between otherwise intact and angular fragments.
ANALYTICAL METHODS AND RESULTS
See Appendix for complete analytical procedures and associated references. were prepared for petrographic and geochemical analysis, including the diopside-bearing quartzite used for geochronology (KS-4). Their mineral assemblage includes quartz, diopside, perthite, plagioclase, orthopyroxene, and phlogopite. Occasionally abundant accessory minerals occur, including titanite, pyrite, and zircon. Typical assemblages observed include diopside-quartz-perthite-titanite, perthite-quartzdiopside-phlogopite-titanite-pyrite, and quartzdiopside-plagioclase-orthopyroxene (Fig. 9 ). An additional sample of diopside-garnet calcsilicate skarn was collected for comparison from Rt. 28 between Indian Lake and Speculator. Two samples of rock were collected for geochemical analysis near the contact. The fi rst has enstatite porphyroblasts (Contact A) and is shown in Figure 8 and the second is from a coarse-grained, granular quartzite (Contact B) within 10 m of the contact. A sample of granite (Granite on Table 1 ) from the eastern summit of Chimney Mountain was collected for geochronology and analyzed for major-and trace-element geochemistry.
PETROGRAPHY AND GEOCHEMISTRY
Quartzose and diopside-rich rocks are granoblastic and equigranular with polygonal grain boundaries. Quartz is typically strain free; some has slight undulatory extinction. Titanite occurs as rounded inclusions in pyroxene and quartz and as polygonally bounded, linked clusters. Foliation, when present, is defi ned by the orientation of phlogopite and quartzofeldspathic lenses or quartz ribbons. Some quartz occurs as thin elongate domains of uncertain origin parallel to compositional layering and foliation (Fig. 8) .
The major-and trace-element composition of samples from Chimney Mountain were analyzed by inductively coupled plasma-optical emissions spectra (ICP-OES-major elements) and inductively coupled plasma-mass spectrometry (ICP-MS-trace elements) at ACME Analytical Laboratories in Vancouver, British Columbia (Table 1 ). The silica content of the Chimney Mountain metasedimentary rocks varies from 43% to 82%, with the majority of the rocks containing 57%-62% SiO 2 . While magnesium and calcium contents are generally elevated, aluminum, potassium, and sodium are fairly low. The loss on ignition (LOI) is also fairly low (0.2%-1.4%). Rare earth element (REE) concentrations range from ~25% to 200% of that of the post-Archean Australian Shale composite (Taylor and McLennan, 1985) and are relatively fl at when normalized to it (Fig. 10) . Three samples, with low silica contents, are depleted in light rare earth elements (LREE) but are enriched in the heavy rare earth elements (HREE). The sample with the greatest amount of silica (82%) has the second least amount of REEs. The skarn and granite samples have the highest REE concentrations. Samples of the metasedimentary rock (coarse-grained quartzite and enstatite-bearing rock) from within 10 m of the contact contain 70.83% and 74.02% SiO 2 , respectively. In nearly all regards their major-element composition matches that of the sample of diopsidic quartzite (KS-4) utilized for geochronology, which has 81.58% SiO 2 . Among the samples analyzed these three have the lowest concentrations of Al 2 O 3 , Fe T , TiO 2 , Na 2 O, and MnO. However, the contact zone samples have considerably more MgO (9.88% and 11.68%) than the geochronology sample (4.65%). In trace-element abundance, the geochronology sample and the coarse-grained quartzite have very similar trace-element abundances, with most elements 4-5× less abundant than in the enstatite-bearing contact rock.
U-Pb Zircon Geochronology
Diopsidic quartzite-zircons were separated from a 0.75-m-thick diopsidic quartzite layer on the western summit of Chimney Mountain, hundreds of meters from the contact (Fig. 4) . The rock had a granular texture and contains an assemblage of quartz-diopside-orthopyroxene . Several zircons and titanites were seen as inclusions within larger pyroxene and quartz grains. One kilogram of rock yielded several hundred round to equant zircon crystals, some with one or more crystal faces visible (Fig. 11) . The zircons ranged from clear to dark and varied in size from 0.1 to 0.4 mm. Investigation by scanning electron microscope and in cathodoluminescence mode failed to show internal complexity including zoning, cores, rims, or inclusions. Cathodoluminescence response was consistently dark with relatively little variation (Fig. 12 ).
Zircons were analyzed by sensitive highresolution ion microprobe (SHRIMP II) U-ThPb methods at the geochronological laboratory at Curtin Technical University in Perth, Aus tralia (Table 2 analyses gave an age of 1073 ± 15 Ma (2σ). Six other analyses were highly discordant and their ages likely meaningless because of the magnitude of Pb loss.
Granite-zircons were separated from a kilogram of lineated granite collected on the eastern summit of Chimney Mountain. The modal mineralogy of the rock consists of k-feldspar, quartz, plagioclase, hornblende, and magnetite. A yield of nearly a thousand zircons was compatible with a zirconium concentration of 645.6 ppm. The zircons were large (0.1-0.3 mm), pinkish, and prismatic to equant. Investigation by scanning electron microscope in cathodoluminescence mode revealed fi ne zoning, inclusions, and thin, homogenous rims (Fig. 14) . Rims were best developed on the tips of euhedral crystals; however, they make up only a small percentage of the volume of zircon present.
Zircons from the granite were analyzed by LA-MC-ICP-MS at the Arizona Laserchron Center at the University of Arizona in Tucson (Table 3 ; Fig. 15 ). Individual analytical spots (~20-30 µm) contained from 79 to 1454 ppm uranium. While variable, U/Th ratios typically ranged between 2 and 5; however, values as high as 17 were found in some rims. Two distinct age populations were identifi ed despite the apparent overlap on the Concordia diagram. Seven zircon analyses of outer rims yielded an age of 1084.8 ± 10.9 Ma, while the remainder (n = 31) yielded a weighted mean average age of 1171.6 ± 6.3 Ma.
Titanite-titanites were separated from the same diopsidic quartzite from which zircons were separated and analyzed by LA-MC-ICP-MS at the Arizona Laserchron Center at the University of Arizona (Table 4 ; Fig. 16 ). Titanite made up the majority of the heavy mineral fraction of the rock and the grains were approximately the same size and shape as many of the zircons. They ranged in color from clear to dark brown. Their chemical composition is given in Table 5 .
Individual analytical spots (~35 µm) yield a variety of titanite compositions with U concentration ranging from 311 to 759 ppm and U/Th ratios of 0.34-0.66 (Table 4) . Although the data do not defi ne a single age population, iso topic data on individual spots yield concordant ages with 206 Pb/ 238 U ages that range from 969 to 1077 Ma and have a probability distribution with a peak at 1035 Ma that is skewed toward younger ages (Fig. 16 ). 
Zirconium in Titanite Geothermometry
The titanites described above were analyzed for zirconium by electron microprobe analysis at Rensselaer Polytechnic Institute and used for Zr in titanite geothermometry (Hayden et al., 2008) . Ten titanite grains yield Zr concentrations between 356 and 858 ppm. With a TiO 2 activity of 1.0 a temperature of 787 ± 19 °C was calculated (used when rutile is also present) and with a TiO 2 activity of 0.6 a temperature of 818 ± 20 °C was calculated (Table 6) .
DISCUSSION

Age and Origin of the Chimney Mountain Metasedimentary Sequence (CMMS)
The rocks exposed on the western summit of Chimney Mountain differ from metasedimentary rocks in the surrounding area primarily in their state of preservation and excellent exposure along the scarp of a landslide. Lithologic units are layered on the decimeter to meter scale and individual units can be followed for tens of meters on the face of, and across, the Great "rift" of Miller (1915) . Particularly striking are the continuity of quartz-rich units up to ~1 dcm to 1 m thick that weather in positive relief (Fig. 4) . In this area, foliation is parallel to lithologic boundaries and a moderately strong rodding lineation, approximately parallel to the shallow northward dip, is developed in quartz-rich lithologies (Fig. 6 ). These rocks, despite minor folding, appear to be part of a continuous sequence without structural disruption, duplication, or signifi cant granite intrusion so prevalent in Adirondack metasedimentary rocks throughout the Highlands (Krieger, 1937; Summer hays, 2006) . Nonetheless their granulite facies metamorphism is clearly demonstrated by two pyroxene mineral assemblages and orthopyroxene-bearing leucosomes in metasedimentary rocks that are exposed on the western approach to the summit.
While it may be speculative to suggest that the current chemical composition of the rocks refl ects their original composition, this sequence has experienced relatively little bulk composition change compared with highly intruded metasedimentary rocks elsewhere in the Highlands. As noted by Krieger (1937) , metasedimentary sequences in the Highlands are pervasively intruded by granitoids on all scales; however, intrusion is relatively minor or absent here. The quartz-rich nature of much of the upper part of the sequence suggests an origin as relatively mature, sand-dominated lithologies; however, rocks of similar composition have been interpreted as chert-dominated in the metasedimentary sequence at the Balmat Zn-Pb mine (Whelan et al., 1990) . Despite the lack of marble in the Chimney Mountain metasedimentary sequence (CMMS), the abundance of diopside is consistent with a carbonate infl uence as well. The production of diopside, likely as a consequence of the prograde reaction between tremolite, calcite, and quartz, liberates CO 2 and H 2 O. However, the LOI of these samples is 0.2%-1.4%, indicating the loss of most volatiles liberated during metamorphism. Nonetheless, hydrous minerals remain, including phlogopite and tremolite. When plotted on a diagram showing Al 2 O 3 versus (CaO+MgO)/ [(CaO+MgO+SiO 2 )*100], most samples fall below 10% Al 2 O 3 , indicative of relatively small amounts of clay and feldspar originally (Fig. 17) . The majority of the samples also have relatively small amounts of both Na 2 O and K 2 O. They plot parallel to the more aluminous, calcite-cemented, basal arkoses of the unmetamorphosed Potsdam sandstone from the northern fringe of the Adirondacks (Blumberg et al., 2008) and at a distance from the relatively pure quartz arenites of the Potsdam Group.
As might be expected in a sedimentary sequence, about half of the samples have fl at post-Archean Australia Shale (PAAS) normalized rare earth element patterns, and the remainder show enrichment in the HREEs. Four of these samples have REE concentrations that are less than half those of PAAS, generally an indication of dilution by quartz and/or carbonate. Three of the samples with low SiO 2 contents show variable enrichment in the HREEs and total concentrations greater than PAAS. Rare earth element concentrations generally increase with increasing Al 2 O 3 content. One sample with 61% SiO 2 has a pattern and concentrations nearly identical to PAAS (Fig. 10) . These trends are consistent with the differences in REE concentrations typically seen in sand and mud-dominated sedimentary lithologies diluted by a variable carbonate component and the enrichment in HREEs noted in some metamorphic minerals (Taylor and McLennan, 1985) . The granite sample used for geo chronological investigation and calc-silcate skarn (KS-6) samples have signifi cantly more REEs and different patterns, and are shown for comparison purposes.
The age of the sequence depends on the interpretation of the zircon ages obtained from the diopsidic quartzite investigated during this study and its fi eld relations. The maximum age of the zircon is given by three analyses that yield a concordant age of 1073 ± 15 Ma. The bulk of the concordant zircon analyses yield an age of 1042 ± 4 Ma. At least three interpretations could be, if taken alone, drawn from this data and they include: (1) the zircons are detrital in origin and thus represent a maximum age of 1042 Ma for the CMMS; (2) the zircons are metamorphic in origin and the ages obtained constrain the timing of high-grade metamorphism accompanying the Ottawan Orogeny; or (3) the zircons were originally detrital but have been completely recrystallized and isotopically reset during Ottawan high-grade metamorphism (Chrapowitzky et al., 2007) . The last two scenarios lead to the unusual circumstance where the zircons in a metasedimentary rock yield an age younger than the time of deposition.
If the zircons analyzed are detrital, then the CMMS must be younger than other Grenville metasedimentary rocks in the area and was deposited sometime after the Ottawan Orogeny (ca. 1040-1080 Ma). If so, the deformation and metamorphism they record must be related to a high-grade event not currently recognized in the Adirondack Region. In addition, this event would require unreasonably rapid post-Ottawan exhumation of the region and then burial and metamorphism, as titanites in the same rocks yield cooling ages from 969 to 1077 Ma that are clearly Ottawan, precluding a younger high-grade metamorphic event. Finally, the CMMS was clearly intruded by the Chimney Mountain granite, which has a U-Pb zircon age of 1171.6 ± 6.3 Ma, and therefore must be older than it.
Zircons in the CMMS sample may be metamorphic in origin, in concert with fi eld relations that indicate a deposition before granite intrusion (ca. 1172 Ma). The ages obtained (1042 and 1073 Ma) are within the known age range (1040-1080 Ma) of high-grade metamorphism associated with the Ottawan event in the Adirondack Highlands. Numerous discrete metamorphic grains and overgrowths have been well documented in a wide variety of Adirondack igneous rocks (Chiarenzelli and McLelland, 1992; McLelland et al., 1988; McLelland et al., 2001) . However, this interpretation requires that the diopsidic quartzite (82% SiO 2 ) investigated originally had few, if any, detrital zircons (no older ages were found out of 35 concordant spots analyzed) and that suffi cient zirconium and uranium were available from other phases in the rock to form the zircon during metamorphism. In addition, the metamorphic zircons formed would be quite variable in shape, size, color, crystal face development, and magnetic susceptibility, and high in U-content as displayed in Figure 11 .
The third option, favored here, is that zircons recovered from the CMMS were originally detrital in origin but have undergone nearly complete recrystallization and resetting. Few studies have investigated zircons in carbonates; however, greenschist-grade Paleo proterozoic dolostones (Aspler and Chiarenzelli, 2002) of the Hurwitz Group in northern Canada have yielded silt-sized detrital zircon grains despite their fi ne grain size and carbonatedominated composition (Aspler et al., 2010) . Quartz-rich units at Chimney Mountain contain as much as 82% SiO 2 and must have contained signifi cant amounts of detrital quartz sand grains. However, if the zircons recovered were indeed detrital they have become completely reset during high-grade metamorphism. Further, the process of resetting apparently resulted in the retention of many of the original physical characteristics of the zircons, as noted above, including their variable size and shape and color (Fig. 11) . Curiously all but a few zircon grains have the same limited cathodoluminescence response (dark with few internal features) despite their range in physical properties and uranium content. However, several seem to have irregular recrystallization fronts preserved (Fig. 12, inset) . This recrystallization likely led to isotopic resetting and the obtained Ottawan metamorphic ages. If these zircons were truly once detrital and have been recrystallized and isotopically reset, what was the mechanism? Contrary to broad claims of the permanence of zircon systematics, numerous examples of partial to complete transformation of preexisting zircon in situ during metamorphism have been documented (Ashwal et al., 1999; Chiarenzelli and McLelland , 1992; Hoskin and Black, 2000; Pidgeon, 1992) . Numerous microscale processes have been proposed including the coupled dissolutionreprecipitation of zircon in response to fl uids and melts. In addition, reaction fronts (Carson et al., 2002; Geisler et al., 2007; Vavra et al., 1999) and CO 2 inclusions have been photographed (Chiarenzelli and McLelland, 1992) . The lack of cathodoluminescence response suggests a common state of crystallinity and chemical (and isotopic) makeup of the zircons despite the range in their physical characteristics.
Interestingly, work by Peck et al. (2003) on the O isotopes in zircons from quartzites showed that all Adirondack quartzites had detrital zircons that were out-of-equilibrium with host quartz, suggesting they were indeed detrital. The one exception, a calc-silicate rock (diopside+calcite+quartz) from Mount Pisgah, contained very little zircon and the O isotope fractionation between zircon and quartz was consistent with metamorphic equilibrium. It may be that zircon in calc-silicate rock is vulnerable to recrystallization due to fl uid fl uxing during metamorphism.
The age of the grains analyzed tells us that the zircons were reset during peak metamorphic conditions associated with the Ottawan Orogeny, when granulite facies mineral assemblages formed in rocks of the Central Adirondack Highlands. Curiously, zircons in nearby granitic rocks have survived nearly intact with metamorphic effects limited primarily to thin rims and thickened tips on euhedral crystals and little, if any, effects on the U-Pb ages of zircon interiors (1171.6 ± 6.3 Ma). One possible explanation is that mineral phases in the metasedimentary sequence are more reactive than the typical granitic assemblage. In particular, the reactions leading to the formation of diopside generally involve the release of carbon dioxide and water. Fluxing of volatiles within the metasedimentary sequence may facilitate the recrystallization and mass transfer of elements to and from sites of zircon dissolution/reprecipitation; something that is unlikely to occur within a coherent, low porosity and permeability, and largely an hydrous and unreactive, granite body. Despite their unusual state of preservation, lithologic continuity, and the U-Pb zircon ages obtained, the metasedimentary rocks exposed on the western approach and summit of Chimney Mountain are typical of those exposed throughout the Adirondacks. Evidence for this comes from their fi eld relations (part of a large xenolith within metaigneous rocks of the AMCG suitesee Fig. 2 ), their granulite facies mineral assemblages, linear fabric of the same orientation as in surrounding granitic rocks, titanite cooling age (ca. 1035 Ma), zirconium in titanite geothermometry (787-818 °C), and their physical continuity with underlying strongly deformed, partially melted, and highly intruded metasedimentary rocks. The quartz-rich nature of the upper part of the CMMS suggests an origin involving quartzrich sand. However, both mud (rusty micaeous schists) and carbonate (diopsidite) dominated layers occur as interlayered lithologies near the top of the sequence at Chimney Mountain. The bottom of the sequence is dominated by diopside-rich lithologies, many of which are intensely folded and contain orthopyroxene and garnet-bearing leucosomes. Thus the exceptional preservation of the upper part of the sequence may be a function of its quartzose composition. Nevertheless the metasedimentary lithologies encountered are typical of the Central Adirondacks and Adirondacks in general and suggest both siliclastic and carbonate sources and relatively shallow, near-shore, depositional environments.
GEOLOGICAL HISTORY AND REGIONAL CONTEXT OF THE CHIMNEY MOUNTAIN METASEDIMENTARY SEQUENCE
The rocks in the Central Adirondacks record a geologic history that began with the deposition of a metasedimentary sequence that includes mixed siliclastic and/or carbonate rocks, quartzites, marbles, pelites, and perhaps, minor amphibolite. The basement to this sequence is unknown and it may well have been deposited on transitional or oceanic crust along the rifted remnants of older arc terranes (Dickin and McNutt, 2007; Chiarenzelli et al., 2010) , including those represented by the 1.30-1.35 Ga tonalitic gneisses in the southern and eastern Adirondack Highlands and beyond (McLelland and Chiarenzelli, 1990) . Similar metasedimentary rocks have been noted throughout much of the southern Grenville Province within the Central Metasedimentary Belt and Central Granulite Terrane (Dickin and McNutt, 2007) . Chiarenzelli et al. (2010) have proposed that the metasedimentary rocks in the Adirondack Lowlands and Highlands were deposited in a back-arc basin (Trans-Adirondack Basin) whose closure culminated in the Shawinigan Orogeny. Many of these rocks, for example the Popple Hill Gneiss and Upper Marble exposed in the Adirondack Lowlands, may have been deposited during the contractional history of the basin. Correlation with supracrustal rocks in the Highlands has been suggested by several workers (Heumann et al., 2006; Wiener et al., 1984) ; however, it is also possible that they were deposited on opposing fl anks of the TransAdirondack Basin . Regardless, available evidence suggests supracrustal rocks in both the Lowlands and broad areas of the Highlands experienced Shawinigan orogenesis resulting in anatexis and the growth of new zircon from 1160 to 1180 Ma.
The depositional age of this sequence or sequences is diffi cult to determine because of the lack of original fi eld relations and overprinting by subsequent tectonism. The widespread disruption of the sequence by rocks of the AMCG and younger suites constrains its age to pre-1170 Ma. Recent U-Pb SHRIMP II analyses of pelitic members of the sequence throughout the Adirondack Highlands and Lowlands suggests that a depositional age as young as 1220 Ma is possible for some of the pelitic gneisses (Heumann et al., 2006) . In many areas, such as at Dresden Station (near Whitehall, New York), strong fabrics outlined by high-grade mineral assemblages (McLelland and Chiarenzelli, 1989) al., 2008; Chiarenzelli et al., 2010; Heumann et al., 2006) . Therefore an intense, widespread, and high-grade tectonic event responsible for the mineral assemblage and fabric in the CMMS predates the Ottawan Phase of the Grenvillian Orogeny. The overprinting of this earlier fabric can be seen in several areas. Gates et al. (2004) and Valentino and Chiarenzelli (2008) document the overprinting and folding of an earlier fabric along the fl anks of the Snowy Mountain Dome, 10 km to the west. A similar relationship can be seen at Chimney Mountain where an early foliation defi ned by the alignment of micas and quartzofeldspathic lenses is folded about shallowly plunging folds. These folds have the same orientation as a rodding lineation developed in the quartz-rich metasedimentary lithologies and the hornblende granite that intrudes them. Thus the foliation in the metasedimentary rocks, which is truncated by the granite, must predate the development of the lineation. In this case the dominant fabric (foliation) is likely of Shawinigan age (pre-AMCG suite), whereas Ottawan fabrics are limited to minor folding and the aforementioned shallow, north-plunging lineation. Alternatively, the dominant fabric may be Elzevirian in age and the linear fabric and folding related to late Shawinigan deformation, and little or no deformation associated with the Ottawan event.
It is somewhat more diffi cult to determine the ultimate origin of metamorphic mineral assemblages. Recent work has clearly indicated substantial differences in timing of anatexis of pelitic gneisses throughout the Adirondacks (Bickford et al., 2008; Heumann et al., 2006) . High-grade metamorphic mineral assemblages and anatexis have occurred both during Shawinigan and Ottawan orogenesis in various parts of the Adirondacks. For example, high-grade meta morphic mineral assemblages, anatexis, and deformation of the Popple Hill Gneiss (Major Paragneiss) are found in the Adirondack Lowlands, whereas evidence of both Ottawan deformation and metamorphic overprint are lacking (Heumann et al., 2006) .
Clearly the rocks exposed on Chimney Mountain were highly deformed, foliated, and contain high-grade minerals developed during oro genesis prior to intrusion of the Chimney Mountain granite. However, the growth or recrystallization of zircon at ca. 1070-1040 Ma in diopsidic quartzites and as thin rims on zircons in granitic gneiss implies high-grade conditions during the Ottawan Orogen as well. Orthopyroxene-bearing leucosomes, enstatite porphyroblasts in rocks along the contact, and undeformed pegmatites in calc-silicate lithologies exposed on Chimney Mountain confi rm this in agreement with previous studies of metamorphic conditions in the Adirondack Highlands (McLelland et al., 2004) . A wide variety of geothermometers and metamorphic zircon, titanite, monazite, garnet, and rutile (Mezger et al., 1991) ages have been used to constraint metamorphic and cooling histories.
The titanite analyzed in this study yields a range of 206 Pb/ 238 U ages from 969 to 1077 Ma. Mezger et al. (1991 , 1992 reported ages of 991-1033 Ma for titanites from Highlands calcsilicates and marbles. Titanite from a sample of calc-silicate gneiss from the southeastern margin of the Snowy Mountain Dome, located within 20 km of Chimney Mountain, yielded an age of 1035 Ma identical to the most probable age of 1035 Ma of the titanite analyzed in this study. The reason for the 100 Ma range of titanite ages in a single sample is unclear and may be related to a complex Pb-loss history, differences in closure temperature, diffusion related to grain-size variation, or simply the fact that multiple grains, rather than a single large crystal, were analyzed in this study.
Zirconium in titanite geothermometry has been completed on the titanites analyzed in this study. Depending on the activity of TiO 2 temperatures of 787-818 °C have been calculated (Hayden et al., 2008) . This is in good agreement with estimates of paleotemperatures reported by Bohlen et al. (1985) as the Snowy Mountain Dome lies about halfway between their 725-775 °C isograds. More recent estimates by Spear and Markusen (1997) suggest Bohlen et al.'s paleotemperatures record post-peak conditions and that peak metamorphic temperatures were closer to 850 °C in areas of the Adirondack Highlands near the Marcy Massif.
ORIGIN OF THE CONTACT ROCKS
The rocks along the contact of the granite and metasedimentary sequence on Chimney Mountain contain porphyroblasts of enstatite rimmed by anthophyllite and porphyroblasts of phlogopite. They are quartz-rich (70%-75% SiO 2 or more) and have a chemical makeup with relatively little Al 2 O 3 , Na 2 O, or K 2 O and large amounts of CaO and MgO. In some instances they appear to have been brecciated or veined with development of porphyroblastic minerals in the intervening space between what appears to be otherwise coherent quartzite. Most of these rocks retain a strong foliation, outlined by an elongated network of large, composite quartz lenses and oriented micas; however, in some the foliation is strongly overprinted by porphyroblasts of random orientation.
The origin and timing of this contact zone is uncertain. It may represent a contact metamorphic aureole that developed within the metasedimentary rocks shortly after the intrusion of the Chimney Mountain granite. However, given the well-developed lineation developed in both the metasedimentary rocks and granite it is difficult to explain the random orientation of the porphyroblasts (youngest preserved texture). It is possible that the contact developed during water infi ltration along the contact during Ottawan orogenesis. A similar origin has been proposed for the garnet amphibolite at Gore Mountain, where the contrasting rheologies of syenite and gabbro led to pathways for H 2 O infi ltration and subsequent metasomatism (Goldblum and Hill, 1992) . In this scenario there would be no recognizable Ottawan deformation features and the lineation observed is also part of the Shawinigan Orogen.
Volatile infi ltration, including substantial amounts of water, along the contact seems likely as hydrous minerals including tremolite, anthophyllite, and phlogopite are found. The introduction of water must have followed the initiation of the thermal pulse as enstatite formed fi rst and was then rimmed by anthophyllite. Anthophyllite and the assemblage phlogopite+quartz are both at their limits of stability at around 790 °C (Chernosky et al., 1985; Evans et al., 2001; Bohlen et al., 1983) , in good agreement with estimates for titanite geothermometry reported above (787-817 °C). Since enstatite forms the cores of the porphyoblasts it appears that water activity was initially low and with fl uid infi ltration anthophyllite eventually formed. Thus the mineral assemblage, petrogenesis, texture, and chemistry are compatible with development of the contact rocks during the Ottawan thermal pulse by the infi ltration of a water-rich volatile phase and metasomatism of Mg-rich quartzites.
CONCLUSIONS
(1) The summit of Chimney Mountain exposes a remarkably well-preserved granulitefacies metasedimentary sequence consisting of diopside-bearing lithologies that can be traced for tens of meters on the face of the Great Rift, a post-Pleistocene landslide scarp.
(2) The geochemistry and petrography of the sequence is consistent with mixed siliclastic and/or carbonate deposition in a shallow-water setting. While sandy and muddy protoliths occur, most had a substantial carbonate component, represented by ubiquitous and abundant diopside.
(3) Near the eastern summit of Chimney Mountain, a well-preserved metasomatic aureole is exposed. Porphyroblasts of enstatite rimmed by anthophyllite and phlogopite have developed in the metasedimentary rocks within several meters of the contact with hornblende granite. The randomly oriented porphyroblasts suggest their growth occurred late and is associated with Ottawan metamorphic effects. The hornblende granite exposed on Chimney Mountain has zircon cores and rims with respective ages of 1172 ± 6 Ma and 1085 ± 11 Ma, indicating intrusion during AMCG plutonism and metamorphic overprint during the Ottawan pulse of the Grenvillian Orogeny.
(4) The strong foliation in the metasedimentary rocks is truncated by the hornblende granite and must predate it and therefore must be Shawinigan, or older, in age.
(5) The granite has a shallow, north-plunging mineral lineation but lacks a penetrative planar fabric. The lineation in the granite is parallel to that in the metasedimentary rocks and the axis of folds defi ned by the folded foliation and must postdate intrusion of the granite (1172 ± 6 Ma). It is late Shawinigan in age. Deformation of this age is limited to minor folding and development of a mineral lineation in this part of the Adirondack Highlands.
(6) The Ottawan event was accompanied by a thermal pulse shown by the formation of enstatite-anthophyllite porphyroblasts along the granitic contact, metamorphic zircon rims in the granite (1085 ± 11 Ma), recrystallization of detrital zircons in the quartz-rich metasedimentary lithologies (1040 ± 4 Ma and 1073 ± 15 Ma), and the 238 U/ 206 Pb age of the titanite (1035 Ma). The age range of the titanites, 969-1077 Ma, is consistent with Ottawan metamorphism and nearby titanite analyses from previous studies.
(7) The peak temperatures of the Ottawan metamorphism were between 787 and 818 °C as determined by Zr in titanite paleothermometry and mineral assemblages.
(8) The differential response of granitic zircons (growth of thin metamorphic rims) versus detrital zircons in the quartzose metasedimentary lithologies (recrystallization and resetting) is likely a function of metamorphic reactions involving dolomite and fl uxing of volatiles, in the diopside-rich metasedimentary sequence, and the nonreactivity of minerals in the granite.
(9) The geologic relationships exposed on Chimney Mountain indicate at least two dynamo thermal deformational events have affected the area and provide rare insight into the original character of the supracrustal sequence that displays deformation related to both events. Similar relationships have been suggested elsewhere in the Adirondack Highlands (Gates et al., 2004) and are consistent with emerging models for the tectonic evolution of the Adirondacks .
APPENDIX: ANALYTICAL TECHNIQUES SHRIMP II
In situ U-Th-Pb data were acquired using the Perth Consortium SHRIMP II ion microprobe located at Curtin University of Technology using procedures similar to those described in Nelson (1997) and Nelson (2001) . Each analysis was comprised of four cycles of measurements at each of nine masses:
LA-MC-ICP-MS (zircon and titanite)
U-Pb geochronology of titanite and zircon was conducted by laser ablation-multicollector-inductively coupled plasma-mass spectrometry (LA-MC-ICP-MS) at the Arizona LaserChron Center (Gehrels et al., 2008 (Gehrels et al., , 2009 ). The analyses involve ablation of titanite with a New Wave/Lambda Physik DUV193 excimer laser (operating at a wavelength of 193 nm) using a spot diameter of 35 μm. The ablated material is carried with helium gas into the plasma source of a GV Instruments Isoprobe, which is equipped with a fl ight tube of suffi cient width that U, Th, and Pb isotopes are measured simultaneously. All measurements are made in static mode, using Faraday detectors for 238 U and 232 Th, an ion-counting channel for 204 Pb, and either fara day collectors or ion-counting channels for Pb. Ion yields are ~1 mv per ppm. Each analysis consists of one 12-s integration on peaks with the laser off (for backgrounds), 12 one-second integrations with the laser fi ring, and a 30 s delay to purge the previous sample and prepare for the next analysis. The ablation pit is ~12 μm in depth.
Common Pb correction is accomplished by using the measured 204 Zr in titanite geothermometry and microprobe analyses
The titanites described above were analyzed by electron microprobe at the Rensselaer Polytechnic Institute. Several titanite crystals were selected, mounted in epoxy, polished, and coated with carbon under vacuum for wavelength-dispersion electron microprobe analysis using a CAMECA SX 100. The operating conditions were accelerating voltage 15 kV, beam current 15 nA, with a beam diameter of 10 μm. Standards used were kyanite (Si, Al), rutile (Ti), synthetic diopside (Ca), topaz (F), and zircon (ZrO 2 ). The titanite grains show F content between 0.87 wt% and 1.98 wt% and Al 2 O 3 2.69 wt% to 5.36 wt%.
The wt% of ZrO 2 from the electron microprobe analyses were used for Zr in titanite geothermometry (Hayden et al., 2008) . Cherniak (2006) , based on experiments of Zr diffusion in titanite, showed that the use of Zr in titanite geothermometer (Hayden et al., 2008) is robust because the Zr concentrations in titanite are less likely to be affected by later thermal disturbance. Ten titanite grains yield Zr concentrations between 356 and 858 ppm. With a TiO 2 activity of 1.0 an average temperature of 787 ± 19 °C was calculated and with a TiO 2 activity of 0.6 an average temperature of 818 ± 20 °C was calculated (Table 6) .
Major-and trace-element analyses
Major-and trace-element analyses were conducted at ACME Analytical Laboratories in Vancouver, British Columbia. After crushing and lithium metaborate/ tetrabortate fusion and dilute nitric digestion, a 0.2 g sample of rock powder was analyzed by ICP-emission spectrometry for major oxides and several minor elements, including Ni and Sc. Loss on ignition (LOI) is by weight difference after ignition at 1000 °C. Rare earth and refractory elements are determined by ICPmass spectrometry following the same digestion procedure. In addition a separate 0.5 g split is digested in Aqua Regia and analyzed by ICP-mass spectrometry for precious and base metals. Total carbon and sulfur concentrations were determined by Leco combustion analysis. Duplicates and standards were run with the samples to assure quality control.
